The low-lying A states of trans-stilbene are investigated by means of two-photon excitation spectroscopy. The experimental findings are compared with theoretical results. From the combined information of oneand two-photon spectroscopy we can assign at least seven excited singlet states in the energy range below 50 000 cm-'.
however, S2 is expected to be the lowest excited singlet state as shown in Fig. l(a) . Photoisomerization is then believed to proceed via a non-adiabatic transition between the two potential surfaces followed by rapid internal conversion to So in the vicinity of @ = 90".
The OS model explains quite well a variety of experimental observations [l, 2 -121 especially the appearance of a barrier which has to be overcome when isomerization starts from the lowest excited singlet state of the tram form (experimental value of about 3.5 kcal mol-' in the gas phase [ 111 as well as in solution [lo]). A major disadvantage of the OS model, however, is that it makes use of states we do not know experimentally. In particular, we do not know to which excited A state of the tram or cis form ip** really corresponds. The lowest excited A state (2A) of the truns and cis form most probably does not correspond to lp**. In going from $I = 0" and @ = 180" towards @ = 90" the 2A stat e is expected to increase in energy in a similar way as does 1B [13 -181 ( Fig. l(b) ). Thus, we have to anticipate an avoided crossing between this A state and the S2 state of the OS model. The latter probably corresponds to one of the higher excited A states in the tmns and in the. cis form. The avoided crossing may well cause a barrier in the lowest excited A state 2A itself, as shown in Fig. l(b) . The question then arises whether the experimentally observed barrier [ 6,10,11] is really due to the non-adiabatic crossing from 1B to 2A or probably due to the barrier in 2A.
To gain a better insight into this puzzling situation, we have investigated the two-photon excitation (TPE) spectrum of trans-stilbene in the energy range 29000 -49 000 cm-l. This spectrum should yield information specifically on states of symmetry A. We have also studied the polarization of the one-photon spectrum of stilbene and a closely related compound to clarify some inconsistencies in connection with the assignment of the second UV band. The spectra obtained are compared with earlier measurements of two-photon absorption [ 19, 201 and with the results of calculations. Finally, the implications on the OS model are discussed.
Experimental details
The UV spectra were measured on a UV spectrometer Beckmann Acta VI. For the spectra measured at 77 K a commercially available low temperature cell was used.
The polarization of the one-photon excitations was studied with the method of luminescence polarization [ 213. The degree P of polarization obtained with this method is related to the angle ac between the transition moments of emission and absorption by The symmetries for different geometries of stilbene are given in Table  1 . When only next-neighbour interactions and the orientation of the ?r lobes are considered, higher symmetries (D,,, DZ and Dzd) are derived, which we refer to as "topological symmetries". For a molecule such as stilbene, where the deviation from the topological symmetry is not very large, the electronic states clearly resemble those in the corresponding higher symmetry.
The components of the two-photon transition tensor transform as the products of the coordinates. For all final states with B symmetry the diagonal elements of the two-photon transition tensor vanish. : ___x. [13, 28] than in the gas phase (0 = 33" 1291). As a result of this non-planarity the mutual exclusive selection rules for one-and two-photon allowed transitions which hold for planar trans-stilbene (point group, CZh) are no longer valid and two-photon transitions to those final B states which are responsible for the prominent bands in the one-photon spectrum [ 13,281 may gain some intensity. To study the influence of non-planarity, results of an SDCI/P 200 calculation with phenyl rings twisted symmetrically by 8 = 20" are given-in Table 3 . The bond lengths and bond angles are the same as in the planar form. For the lowest eight excited states the influence of non-planarity is Calculated excitation energies E and transition parameters for 8 = 0" f, oscillator strength; 6 t t, two-photon cross section for two parallel polarized photons of equal energy; Q two-photon polarization parameter; D, percentage of doubly excited configurations. Only in the region where the first GA* excitations appear in the planar form (lB, and 2B,) do deviations between the two calculations become obvious. As expected, two-photon transitions to states evolving from B, states of the planar bans form are no longer forbidden but their intensity is still very low.
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As far as possible a pseudoparity classification "plus" or "minus" is assigned to the low-lying excited states (361 in spite of the fact that the pairing theorem does not hold in the CNDO/S method [ 371. No multiplicity index is supplied with state symbols since we deal only with singlet states in this study (for information on photoisomerization along the triplet pathway see refs. 2 and 3).
Results
The TPE spectrum of truns-stilbene is shown in Fig. 2. In Fig. 3 the TPE spectrum is compared with the one-photon spectrum on a logarithmic scale. Included in Fig. 3 are the UV spectra of truns-stilbene and tmnsindanylidenindane measured in 3-metbylpentane at 77 K. In trans-indanylidenindane the angle 8 is expected to be close to zero because of the presence of the five-membered rings. The UV spectra of trans-stilbene and transindanylidenindane are very similar (only the vibrational structure is more pronounced in trans-indanylidenindane as a result of the more rigid skeleton) in accordance with the theoretical prediction that torsion of the phenyl rings up to about 30" has only a minor influence on the calculated spectrum. The three bands in the UV spectrum of trans-stilbene are labelled I, II and III instead of the usual labelling A, B and C since the latter may cause confusion with the symmetry assignment.
The absorption polarization spectra of truns-stilbene and trans-indanylidenindane could be measured down to the beginning of band II (Fig. 3) . Over the whole range of band I the degree P of polarization is nearly constant and close to the limiting value of 0.5 for both compounds. This indicates that vibronic coupling via non-totally-symmetric vibrations only makes a small contribution to the intensity of baud I. At the beginning of band II P drops to a value of 0.1. This value corresponds to an angle ~1 between the transition moments of transitions I and II of about 45'. a is most probably even greater, since perturbations always reduce the absolute values of P. A similar result (cu = 53") was found by Yogev and Margulies [38] from measurements of the dichroism of 4,4'-dimethylstilbene embedded in stretched polyethylene foils. The decrease in P at the beginning of band II is even more pronounced in trsrns-indanylidenindane. The measured P value of -0.06 corresponds to an angle of about 60". Band III again is polarized mainly in the direction of the long axis [ 381.
The TPE spectrum shows three distinct bands (labelled a, b and c) below 44 000 cm-i. Towards higher energies we observe some structure between 44 000 and 47 000 cm-1 (band d) and a strong increase in two-photon assign band c to lA, + 3A,. Our spectrum reveals two bands (a and b) at lower energies than band c. Most of the intensity of these two bands must result from transitions into A states since a remains below 1.0 over the whole spectrum. As discussed earlier, transitions to B states must lead to maxima in S2 (see Table I ). The shallow maximum in the Q curve between 32 500 and 35 000 cm-' may be due either to a B state which gains some two-photon intensity because of the non-planarity of the molecule or to an A state for which the cross section is dominated by the 3ty element of the two-photon transition tensor.
Finally we have to deal with the possibility that band a is not really connected with an excited state of symmetry A. Since the onsets of oneand two-photon absorption are very close, band a could in principle be related to lB, the state responsible for band I in the one-photon spectrum. If this is true, nearly all the two-photon intensity must result from vibronic coupling induced by b vibrations. However, on the basis of the measured absolute 6 value at 39 000 cm-l [39] the cross section found for band a exceeds 1 X 10vso cm4 s (photon molecule)-'.
Such a value is fairly high for a purely vibronically induced two-photon transition. High resolution low temperature measurements are being carried out to clarify this subject further.
Discussion
To compare our experimental results with the outcome of theoretical investigations, we describe the low-lying excited states of stilbene in the framework of the exciton model [40] To establish how to characterize the low-lying excited states of transstilbene, we start with two benzene molecules in the correct orientation (Fig. 4(b) ). If only interactions via long-range Coulomb forces are included, the resulting combinations of the local excited states L,.,, L, and BaVb of benzene (Fig. 4(a) ) split as shown in Fig. 4(b) . The same nomenclature is (Fig. 4(c) ). The states thus derived from the exciton model are then correlated with those obtained. from our SDCI/P 2OOn7r* calculation (Fig.  4(d) ). Since the deviation from the idealized topological symmetry Ds is not very large the mixing between the BZu and Bau states (which both become B, in CZh symmetry) as well as that between the Bi, and A, states (which both become AB) are not very strong. Correspondingly the calculated transition moments for the B,,-derived states are still oriented mainly parallel to the "long" axis of the molecule whereas the transition moments of B,,-derived states lie more parallel to the "short" axis. A similar result has been found in other calculations. The results of several calculations are listed in Table 4 .
In all the calculations except those of Olbrich [ 181 the lowest excited B state is -L, + E. Since the calculated transition moments indicate 1A + -L, + E to be fully allowed this transition is usually assigned to band I. -Lb can never be associated with this intense band since it is a combination of nearly unperturbed local Lb states. The transition 1A -+-Lb is expected to be weak and preferably polarized perpendicular to the long axis in contrast with the experimental findings [ 381.
In spite of the vigorous theoretical and experimental investigations of the one-photon spectrum of Puns-stilbene the assignment of bands II and III still causes problems. In most of the more recent publications [14,42 -441 band II is assigned to 1A -f-B, + E and band III to 1A j-B,, . Following this assignment band II should be polarized mainly parallel and band III more or less perpendicular to the long axis. This clearly contradicts the experimental observations discussed in Section 4. We therefore have to look for a different explanation. Finally we have to deal with the assignment of band a. All calculations and even the old qualiiative discussion of Dyck and McClure 1131 predict the lowest excited A state to be +Lb , which again is a "minus" state. From our calculations we obtain a two-photon cross section of about 1 X lO-5o cm4 s (photon molecule)-' and an a value of 1.5 for the corresponding transition. The latter value clearly shows that the 3ty element of the twophoton transition tensor is dominant in this case in accordance with the B,, character of +Li, in the topological D 2h symmetry. In the experiment we do not find an a value of 1.5 but we observe the shallow maximum between 32500 and 35000 cm-', showing that there is at least some of the theoretically predicted intensity. We therefore conclude that most of the two-photon intensity observed between 32 500 and 35 000 cm-' results from the transition 1A --t +Li, but that the long wavelength part of band a is due to vibronic coupling.
Because of the high density of calculated states with energies higher than 6 eV, we do not attempt to make definite assignments for structures d and e. Candidates are the higher excited A states (6A -10A) listed in Table 2 . Because of the non-planarity of trans-stilbene in solution, strong mixing between (3x* and ax* excitations is probable in this energy range (the results for 8 = 0" and 8 = 20" should be compared in Tables 2 and 3 
Implications to photochemistry
The analysis given above requires a modification of some details of the OS model. As mentioned in Section 1 it is generally accepted that the lowest electronically excited state in the vicinity of the perpendicular conformation (9 = 903 is an A state. As mentioned earlier this state is termed lp** by Saltiel et al. [33. In going from the perpendicular conformation 
